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Wnt proteins can activate distinct signaling path-
ways, but little is known about the mechanisms
regulating pathway selection. Here we show that
the metastasis-associated transmembrane protein
Wnt-activated inhibitory factor 1 (Waif1/5T4) inter-
feres with Wnt/b-catenin signaling and concomi-
tantly activates noncanonical Wnt pathways. Waif1
inhibits b-catenin signaling in zebrafish and Xenopus
embryos aswell as inmammalian cells, and zebrafish
waif1a acts as a direct feedback inhibitor of wnt8-
mediated mesoderm and neuroectoderm patterning
during zebrafish gastrulation. Waif1a binds to the
Wnt coreceptor LRP6 and inhibits Wnt-induced
LRP6 internalization into endocytic vesicles, a pro-
cess that is required for pathway activation. Thus,
Waif1a modifies Wnt/b-catenin signaling by regu-
lating LRP6 subcellular localization. In addition,
Waif1a enhances b-catenin-independent Wnt sig-
naling in zebrafish embryos and Xenopus explants
by promoting a noncanonical function of Dickkopf1.
These results suggest that Waif1 modulates pathway
selection in Wnt-receiving cells.
INTRODUCTION
Intercellular signaling by Wnt proteins regulates numerous
cellular processes during animal development, homeostasis,
and regeneration, whereas misregulated Wnt signaling causes
disease, most prominently cancer (for review, see Moon et al.,
2004; Nusse, 2005).Wnt ligands can activate several intracellular
signaling pathways. The b-catenin-dependent pathway, referred
to as the canonicalWnt pathway, is usually associatedwith regu-
lation of cell fate or cell proliferation through transcriptional con-
trol of target genes (Huang and He, 2008), whereas b-catenin-
independent (noncanonical) pathways typically regulate cellDevelopmentapolarity and migration, including metastatic potential of tumors,
in a nontranscriptional manner (James et al., 2008).
In the Wnt-off state of the canonical pathway, b-catenin is
phosphorylated by a cytoplasmic complex containing Axin and
Glycogen synthase kinase 3 (GSK3) and targeted for proteaso-
mal degradation (Angers and Moon, 2009; MacDonald et al.,
2009). Wnt ligand induces formation of a Frizzled and Low-
density lipoprotein receptor-related protein 5/6 (LRP5/6) re-
ceptor complex that recruits Dishevelled and Axin and results
in LRP6 phosphorylation and internalization into intracellular
vesicles (Angers and Moon, 2009; Kikuchi and Yamamoto,
2007; MacDonald et al., 2009; Yamamoto et al., 2006). Inter-
estingly, LRP6 internalization with caveolin and LRP6 phosphor-
ylation occur independently but are both required for signal
propagation (Yamamoto et al., 2008). Axin removal from the
cytoplasmic b-catenin destruction complex, along with direct
inhibition of GSK3 kinase activity by the phosphorylated cyto-
plasmic domain of LRP6 and GSK3 sequestration in multivesic-
ular bodies, is thought to prevent b-catenin degradation and
allow its nuclear translocation for gene expression regulation
with T cell factor (TCF)/lymphoid enhancer factor (Lef) family
factors (Angers and Moon, 2009; MacDonald et al., 2009; Tael-
man et al., 2010).
Noncanonical Wnt signaling can be activated by several
receptors/receptor combinations and is mediated by different
intracellular signaling pathways (James et al., 2008; Kikuchi
et al., 2007). For example, Wnt-Frizzled interaction can activate
planar cell polarity (PCP) signaling, a pathway that also requires
Dishevelled. Themechanisms controlling selective pathway acti-
vation in response to Wnt ligands are poorly understood. Verte-
brate Wnt ligands can be classified into two groups depending
on their preferential activation of canonical or noncanonical
pathways in several systems, but cellular context and receptor
and coreceptor availability influence pathway selection (van
Amerongen et al., 2008). Interestingly, some b-catenin pathway
components have recently been found to have an opposing
function in noncanonical Wnt signaling. The extracellular domain
of LRP6 acts as inhibitor of Wnt/PCP signaling, whereas Dick-
kopf1 (Dkk1), an inhibitor of the b-catenin pathway, can activate
noncanonical Wnt signaling (Bryja et al., 2009; Caneparo et al.,l Cell 21, 1129–1143, December 13, 2011 ª2011 Elsevier Inc. 1129
Figure 1. Zebrafish waif1a Is a Direct Universal b-Catenin Target
Gene Encoding a Transmembrane Protein Localized to the Plasma
Membrane
(A) Domain structure of zebrafish Waif1a and human Waif1/5T4.
(B) Localization of GFP-tagged zebrafish Waif1a in enveloping cells (EVL) of
sphere stage zebrafish embryos and in HEK293T cells.
(C) waif1a expression assessed by in situ hybridization in zebrafish embryos
expressing Wnt8, Dkk1, or Axin1 (n [90%] = Wnt8, 13 of 13 embryos, Dkk1 18
of 18, Axin1 15 of 15; n [3 somites] = Dkk1 15 of 15, Axin1 18 of 20; n [24 hpf] =
Dkk1 15 of 15, Axin1 14 of 14).
(D) waif1a upregulation in embryos injected with GR Lef DNb-cat RNA and
treated with dexamethasone (Dex, 24 of 24 embryos) and in embryos pre-
treated with Cycloheximide (Chx, 22 of 22 embryos).
(E) GFP expression in GFP RNA-injected embryos after 1 hr of EtOH or Chx
treatment.
See also Figure S1.
Developmental Cell
Waif1a Modifies Wnt Pathway Selection2007). Conversely, noncanonical Wnt signaling can interfere with
b-catenin signaling, highlighting the complexity of crosstalk
between the pathways (Weidinger and Moon, 2003).
We now identify wnt-activated inhibitory factor 1a (waif1a/
tpbgl/5T4), which codes for a single-pass transmembrane
protein with poorly understood function, as a transcriptional
target of Wnt/b-catenin signaling in zebrafish embryos. We
show that waif1a acts as a feedback inhibitor of wnt8-mediated
b-catenin signaling during vertebrate gastrulation by controlling
LRP6 availability through blocking Wnt-dependent LRP6 inter-
nalization without affecting LRP6 phosphorylation. Waif1a in
addition enhances the activation of b-catenin-independent Wnt
signaling, possibly via stimulating a noncanonical function of
Dkk1, and thus appears to be involved in regulatingWnt pathway
selection.
RESULTS
waif1a Is a Universal Wnt Target
To identify novel feedback modifiers of Wnt/b-catenin signaling,
we performed gene expression profiling of zebrafish embryos at
gastrula, somitogenesis, and organogenesis stages after induc-
ible activation or inhibition of the pathway and looked for genes
positively regulated by b-catenin signaling at all three stages
(B.K.-S. and G.W., unpublished data). Among the identified
universal Wnt targets was a gene that we termed wnt-activated
inhibitory factor 1a (waif1a). waif1a encodes a putative single-
pass transmembrane protein with a large extracellular domain
containing several leucine-rich repeats, which are implicated
in mediating protein-protein interactions between extracellular
proteins of diverse function, and a short cytoplasmic domain
without conserved motifs (Figure 1A). Overexpression of Waif1a
taggedwith GFP at the N terminus or the C terminus showed that
the protein is localized to the plasmamembrane both in zebrafish
embryos and in cultured mammalian cells (Figure 1B). Waif1a
is homologous to mammalian Trophoblast glycoprotein (Tpbg,
also called 5T4), which shares a similar domain architecture (Fig-
ure 1A; see Figure S1A available online) and is part of a family of
proteins with four members in zebrafish and two paralogs in
amniotes. Pairwise sequence alignments and phylogenetic
analyses showed that the zebrafish gene characterized here,
waif1a, together with two zebrafish paralogs (waif1b and waif1c)
clusters with amniote waif1/tpbg/5T4, while a distinct group of
genes containing zebrafish waif2 and amniote waif2 exists
(Figures S1B and S1C).
Mammalian Waif1/5T4 was initially identified as a trophoblast
protein that is upregulated in many human carcinomas (Hole
and Stern, 1990; Jones et al., 1990; Southall et al., 1990; Starzyn-
ska et al., 1994). Both gain- and loss-of-function experiments in
cultured cells support a role forWaif1/5T4 in cell motility and cell-
cell adhesion (Carsberg et al., 1996; Southgate et al., 2010;
Spencer et al., 2007), but its function during embryonic develop-
ment has not been described.
RNA in situ hybridization confirmed that zebrafish waif1a
expression is regulated by Wnt/b-catenin signaling at gastrula,
somitogenesis, and organogenesis stages. Heat shock-induced
overexpression of Wnt8 for 3 hr during gastrulation in
hsp70l:wnt8a-GFPw34 transgenic embryos (Weidinger et al.,
2005) was sufficient to induce ectopic expression of waif1a,1130 Developmental Cell 21, 1129–1143, December 13, 2011 ª2011 Elsevier Inc.
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Waif1a Modifies Wnt Pathway Selectionwhile inhibition of b-catenin signaling by Dkk1 overexpression in
hsp70l:dkk1-GFPw32 embryos (Stoick-Cooper et al., 2007)
downregulated waif1a (Figure 1C). We established an additional
transgenic tool for inducible inhibition of b-catenin signaling
using overexpression of Axin1 (hsp70l:axin1-YFPw35, Figures
S1D–S1G) and found that waif1a expression was also sup-
pressed upon induction of this transgene (Figure 1C). Likewise,
Dkk1 or Axin1 overexpression for 3 hr during somitogenesis or
organogenesis suppressed waif1a expression in almost all of
its expression domains (Figure 1C). Thus, we conclude that
waif1a is a universal Wnt/b-catenin target gene.
In wild-type embryos, waif1a expression was first detected at
late blastula stages in endomesodermal and ectodermal cells at
the blastoderm margin (Figure S1H). During gastrulation it was
expressed in a broad marginal domain but excluded from the
animal pole (Figure S1I), whereas expression during somitogen-
esis and organogenesis became restricted to neuroectodermal
domains, most notably the forebrain-midbrain boundary (Figures
S1J–S1O). A Xenopus waif1a homolog (Xwaif1a.2) was ex-
pressed in a very similar pattern during early embryogenesis
(Figures S1P–S1S). Many of these expression domains are
known regions of active b-catenin signaling, in particular the
dorsolateral marginal epiblast during gastrulation, which is pat-
terned to give rise to posterior nervous system largely due to
the action of wnt8 (Lekven et al., 2001). Therefore, we asked
whether waif1a expression during gastrulation is regulated by
wnt8. Indeed, wnt8 knockdown dramatically reduced waif1a
expression (Figures S1T and S1U). To test whether waif1a
expression is directly regulated by Wnt/b-catenin signaling
during gastrulation, we overexpressed a dexamethasone-
inducible activator of Lef/b-catenin-mediated transcription (GR
Lef DN-bCat; Domingos et al., 2001) and found that dexameth-
asone treatment for 45 min was sufficient to strongly upregulate
waif1a expression at early gastrula stages (Figure 1D). Inhibition
of protein synthesis by cycloheximide treatment did not block
this effect, although it efficiently blocked translation of GFP
RNA injected into single-cell stage embryos (Figures 1D and
1E). Thus, we conclude that waif1a expression is directly regu-
lated by wnt8-induced b-catenin signaling during gastrulation.
Waif1a Inhibits Wnt/b-Catenin Signaling
The fact that waif1a expression is universally regulated by Wnt/
b-catenin signaling during development suggests that it might
act as a feedback modifier of the signaling pathway. To test
this, we first asked whether waif1a can modify exogenous
Wnt/b-catenin signaling. Overexpression of wnt8 in zebrafish
embryos produces phenotypes characteristic of b-catenin sig-
naling activation, most prominently defects in dorsoventral
patterning of the mesoderm and posteriorization of the neuro-
ectoderm (Lekven et al., 2001) (Figure 2A). Interestingly,
coinjection of waif1a RNA significantly reduced wnt8-induced
morphological and marker gene expression defects (Figure 2B;
Figures S2A and S2B). In addition, overexpression of waif1a
abrogated wnt8-induced activation of a reporter for TCF/Lef-
mediated transcription (pBAR) (Biechele and Moon, 2008),
when coinjected in zebrafish embryos, and suppressed pBAR
activity below the level seen in control embryos, indicating
that waif1a inhibited endogenous Wnt signaling (Figure S2C).
Likewise, waif1a inhibited the function of other Wnt ligands thatDevelopmentaactivate b-catenin signaling upon overexpression in zebrafish
and mammalian cells (Figure S2D).
In Xenopus embryos, dorsal overexpression ofwaif1a resulted
in ventralization, as indicated by a significant reduction in the
dorsoanterior index (DAI) (Kao and Elinson, 1988; Figure 2C).
axin2 (conductin) RNA injection likewise ventralized, while
Xenopus dkk1 anteriorized dorsal tissue, suggesting that axin2
and waif1a could inhibit the maternal Wnt/b-catenin signaling
necessary for dorsal organizer formation, whereas xdkk1 inter-
fered with zygotic, organizer-restricting Wnt signaling. waif1a-
induced ventralization could be completely rescued by coinjec-
tion of LRP6DN, a variant of LRP6 that lacks the extracellular
domain and constitutively activates the b-catenin pathway
(Mao et al., 2001), as well as by coinjection of the organizer
gene xnr3, which is directly regulated byWnt/b-catenin signaling
(McKendry et al., 1997; Figure 2C). Thus, waif1a-induced
ventralization was due to inhibition of Wnt/ b-catenin sig-
naling. In cultured human embryonic kidney (HEK) 293T cells,
Waif1a inhibited Wnt8-induced expression of the pBAR and
SuperTopFlash (Biechele and Moon, 2008; Kaykas et al., 2004)
reporters of TCF/Lef-mediated transcription in a dose-depen-
dent fashion (Figure 2D; Figures S2E and S2F). Importantly,
human Waif1/5T4 likewise inhibited pBAR activation in a dose-
dependent manner (Figure 2D; data not shown). Moreover,
waif1a decreased Wnt3a-induced accumulation of b-catenin in
HEK293T cells (Figures S2G and S2H). Thus, we conclude that
Waif1/5T4 acts as a negative regulator of Wnt/b-catenin
signaling.
To test whether endogenous Waif1 modulates Wnt signaling,
we knocked down waif1a in zebrafish embryos using a mor-
pholino antisense oligonucleotide (waif1a MO1) that efficiently
blocked translation of a GFP reporter construct containing the
waif1a 50UTR (Figure S2I). A second morpholino (waif1a MO2)
likewise inhibited translation (data not shown) and confirmed
the data obtained with MO1. Injection of waif1a MO1 with wnt8
RNA significantly enhanced the phenotypes caused by activa-
tion of b-catenin signaling in zebrafish embryos at several doses
of wnt8 (Figure 2E; Figure S2J). Coinjection of waif1a RNA that
cannot be bound by the morpholino could fully reverse its
effects, confirming that the MO acted specifically (Figure 2E).
Furthermore, we found that human Waif1/5T4 is expressed in
HEK293T cells (Figure S2K) and that knocking it down using
two independent siRNAs (Figures S2L and S2M) significantly
enhanced pBAR activation in response to Wnt stimulation (Fig-
ure 2F). Similarly, immortalized embryonic fibroblasts derived
from Waif1/5T4 knockout mice showed elevated pBAR activity
in response to purified Wnt3a (Figure 2G). Finally, waif1a knock-
down with either MO1 or MO2 in zebrafish embryos resulted in
elevated expression of the direct Wnt/b-catenin target genes
sp5l, cdx4, and vent at gastrula stages (Figure 2H; Figure S2N).
Thus, endogenous Waif1/5T4 acts as an inhibitor of Wnt/
b-catenin signaling in zebrafish embryos and mammalian cells.
waif1a Regulates wnt8-Mediated Neuroectoderm
and Mesoderm Patterning
One prominent role of Wnt/b-catenin signaling during vertebrate
gastrulation is to induce posterior neural fates. We thus asked
whether loss of zebrafishwaif1a causes posteriorization. Knock-
down ofwaif1a using either MO1 or MO2 resulted in reduction ofl Cell 21, 1129–1143, December 13, 2011 ª2011 Elsevier Inc. 1131
Figure 2. Waif1a Inhibits Wnt/b-Catenin Signaling
(A) Classes of phenotypes induced by wnt8 overex-
pression: class 1, small eyes (arrow); class 2, no eyes
(arrow); class 3, reduced forebrain and midbrain (arrow-
heads); class 4, loss of notochord indicative of enhance-
ment of zygotic, organizer-restricting Wnt signaling;
and class 5, hyperdorsalized, indicative of activation of
maternal, organizer-inducing Wnt signaling.
(B) Distribution of phenotypes in embryos injected with
wnt8 (8 pg) pluswaif1a RNA (60 pg) or equimolar amounts
of GFP control RNA. ***p < 0.001, chi-square test.
(C) Dorsoventral patterning phenotypes indicated by loss
or reduction of cement glands (arrowheads) and quanti-
fied using the DAI of Xenopus embryos injected on the
dorsal side with waif1a RNA (200 pg), axin2 (conductin,
500 pg), xdkk1 (100 pg), lrp6DN (60 pg), and xnr3 (200 pg).
*p < 0.05, Student’s t test.
(D) pBAR reporter activity (relative to IL-4R-GFP control) in
HEK293T cells transfected with the indicated constructs.
***p < 0.001, Student’s t test.
(E) Phenotypic classes as defined in (A) of embryos
injected with 8 pg wnt8 RNA, 4 ng waif1aMO1, and 32 pg
of MO-insensitive waif1a RNA or equimolar control re-
agents. ***p < 0.001, chi-square-test.
(F) Waif1/5T4 knockdown in HEK293T cells enhances
pBAR activation in response to Wnt3a conditioned media.
**p < 0.01 and ***p < 0.001, Student’s t test.
(G) Waif1/5T4 knockout MEFs show increased pBAR
activation in response to purified Wnt3a (100 ng/ml). *p <
0.05, two-way ANOVA with Bonferroni’s post hoc test.
(H) Whole-mount in situ hybridization reveals upregula-
tion of sp5l (15 of 16 embryos), cdx4 (15 of 15), and vent
(15 of 16) at the 90% epiboly stage in embryos injected
with10 ng waif1a MO1. Note that staining reactions were
stopped before the normal wild-type expression in control
embryos became visible.
See also Figure S2.
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Waif1a Modifies Wnt Pathway Selectionthe otx2-positive presumptive fore- and midbrain region and
concomitant expansion of the posterior neural marker hoxb1b
(Figure 3A). Wnt8 is the principal Wnt ligand that mediates neuro-1132 Developmental Cell 21, 1129–1143, December 13, 2011 ª2011 Elsevier Inc.ectoderm posteriorization; thus, wnt8 knock-
down increases anterior neuroectodermal fates,
as evidenced by posterior expansion of the
telencephalic marker foxg1a at early somito-
genesis (compare brackets in Figure 3B; see
quantification in Figure S3A). waif1a RNA over-
expression similarly expanded foxg1a expres-
sion. In contrast, overexpression of wnt8 at
low doses had the opposite effect, reducing
the foxg1a-positive telencephalic domain (Fig-
ure 3B; Figure S3A). Importantly, knockdown
of waif1a likewise reduced foxg1a expression
(Figure 3B; Figure S3A). Thus, waif1a loss of
function phenocopied wnt8 gain of function,
whereas waif1a overexpression phenocopied
wnt8 knockdown. Coinjection of axin1 RNA to-
gether withwaif1aMO1 rescued foxg1a expres-
sion back to the wild-type pattern (Figure 3B;
Figure S3A), confirming that the waif1a knock-
down phenotype was caused by enhanced
b-catenin signaling. These results suggest thatwaif1a acts as an inhibitor of wnt8-induced b-catenin sig-
naling during anteroposterior neural patterning. During gastrula-
tion wnt8 is also required for specification of ventrolateral
Figure 3. waif1a Inhibits wnt8 Function in Mesoderm and Neuroec-
toderm Patterning
(A) Reduction of the forebrain marker otx2 and expansion of the posterior
neural marker hoxb1b at the 100% epiboly stage in embryos injected with
10 ng waif1a MO1 or MO2 (23 of 28 embryos MO1, 21 of 24 MO2).
(B) Changes in size of the telencephalic foxg1a expression domain at the one
somite stage (bracket) in embryos injectedwith 2 ng each ofwnt8.1 andwnt8.2
MOs (20 of 21 embryos), 160 pgwaif1a RNA (36 of 36), 0.4 pgwnt8 RNA (22 of
26), and 4 ng ofwaif1aMO1 (16 of 25) without or with 2 pg axin1RNA (17 of 23).
(C) Changes in the size of the dorsal gsc expression domain at the 50% epiboly
stage (arrowheads) in embryos injected with 2 ng each of wnt8.1 and wnt8.2
MOs (41 of 42 embryos), 150 pg waif1a RNA (35 of 44), and 10 ng waif1aMO1
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Developmentamesodermal fates and to limit dorsal organizer size (Lekven et al.,
2001). Wnt8 knockdown massively expanded expression of the
dorsal marker goosecoid (gsc) at the 50% epiboly stage,
whereas waif1a overexpression expanded gsc in a more mod-
erate fashion (Figure 3C; quantification in Figure S3B). Con-
versely, activation of zygotic b-catenin signaling by activation
ofwnt8 expression in hsp70l:wnt8a-GFPw34 transgenic embryos
at the 30% epiboly stage strongly reduced the gsc domain, as
did waif1a knockdown (Figure 3C; Figure S3B). These findings
are consistent with waif1a functioning as an inhibitor of wnt8
signaling in dorsoventral mesodermal patterning. Thus, in con-
trast to Xenopus embryos, where waif1a overexpression could
interfere with maternal, dorsalizing b-catenin signaling, in zebra-
fish embryoswaif1a RNA injection only affected zygotic, ventral-
izing Wnt signals. This is likely due to the inability to target
microinjected RNAs specifically to the future dorsal side in
zebrafish embryos and due to the fact that only RNAs injected
immediately after fertilization can target maternal Wnt signaling
in zebrafish, as has been shown for the Wnt inhibitor Naked
(Van Raay et al., 2007).
Next, we asked whether waif1a genetically interacts with
tcf3a, an inhibitor of wnt8 target gene expression. Loss of
maternal and zygotic tcf3a produces anterior truncations that
are indistinguishable from wnt8 gain-of-function phenotypes
(Kim et al., 2000). In contrast, zygotic loss of tcf3a function is
of no phenotypic consequences but provides a highly sensitized
background for further manipulations of Wnt/b-catenin signaling
(Kim et al., 2000). Indeed, we found that injection of low doses
of tcf3a MO only mildly reduced anterior structures (class 1,
Figures 3D and 3E). waif1a knockdown on its own had no
morphological effect at 24 hpf (Figures 3D and 3E). Strikingly,
however, coinjection of both morpholinos together resulted
in severe Wnt gain-of-function phenotypes ranging from loss
of eyes (class 2) to dorsalization (class 5, Figures 3D and 3E),
indicating that tcf3a andwaif1a genetically interact in anteropos-
terior nervous system patterning and dorsoventral patterning
of the mesoderm. We conclude that waif1a functions as a
negative regulator of Wnt/b-catenin signaling during zebrafish
gastrulation.
Waif1a Acts in Wnt-Receiving Cells at the Level
of the LRP/Frizzled Receptor Complex
We could not detect N-terminally tagged full-length Waif1a in
media conditioned by transfected cells (Figures S4A and S4B),
indicating that no significant pool of secreted Waif1a exists,
and that Waif1a most likely acts in a membrane-bound form.
Although Waif1a-GFP efficiently blocked pBAR activation in
HEK293Tcells treatedwithWnt3a conditionedmedia (Figure 4A),(20 of 21 embryos), relative to embryos injected with equimolar amounts of
luciferase control RNA plus control MO and in hsp70l:Wnt8-GFP transgenic
embryos heat shocked at 30% epiboly (46 of 46 embryos).
(D) Head regions with eyes (arrows) and midbrain-hindbrain boundary
(arrowheads) indicated at 24 hpf of embryos injected with 10 ng waif1a MO1
and 0.2 ng standard control MO, or 0.2 ng tcf3a MO plus 10 ng control MO.
(E) Quantification of the tcf3a and waif1a knockdown synergy. Embryos were
classified using the criteria introduced in Figure 2A, ***p < 0.001, chi-square
test.
See also Figure S3.
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Figure 4. waif1a Acts in Wnt-Receiving Cells
(A) pBAR luciferase activity in HEK293T cells (***p < 0.001, Student’s t test).
Data shown are from one representative experiment of three. rel, relative.
(B) pBAR luciferase activity in HEK293T cells treated with conditioned media
produced from control or Waif1a-GFP transfected L cells.
See also Figure S4.
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Waif1a Modifies Wnt Pathway SelectionWaif1a-GFP transfection into Wnt3a-secreting L cells did not
interfere with their ability to produce active Wnt conditioned
media (Figure 4B). These findings suggest that Waif1a does
not act on Wnt production but interferes with signal reception
or transduction in Wnt-receiving cells. Waif1a did not interfere
with pathway activation by dominant-negative GSK3b or domi-
nant-negative Axin1 in zebrafish embryos or constitutively active
b-catenin (DN b-catenin) in embryos or HEK293T cells (Figures
S4C–S4F). Thus, waif1a inhibits Wnt/b-catenin signaling up-
stream of the b-catenin destruction complex. In HEK293T cells,
overexpression of LRP6 at high levels is sufficient to activate
b-catenin signaling in a ligand-independent manner, and Waif1a
was much less efficient in inhibiting LRP6-induced than Wnt-
induced pBAR activity (Figure S4G). Furthermore, constitutively
active LRP6DN rescued waif1a-induced ventralization in Xeno-
pus embryos, as shown above (Figure 2C). These data indicate
thatWaif1a inhibits b-catenin signaling upstream of or at the level
of the Frizzled/LRP receptor complex.1134 Developmental Cell 21, 1129–1143, December 13, 2011 ª2011The Waif1a Intracellular Domain Is Dispensable for Wnt
Signaling Inhibition
We found that a GFP-tagged Waif1a construct lacking the
cytoplasmic tail, but retaining the transmembrane domain
(Waif1aDC-GFP; Figure 5A), which correctly localized to the
plasma membrane (Figure S5A), was as potent as the full-length
protein in inhibiting Wnt8-induced phenotypes in zebrafish
embryos and in causing ventralization in Xenopus (Figure 5B;
Figure S5B). In contrast, deleting the extracellular domain (Wai-
f1aDN-GFP, Figure 5A) rendered the protein inactive in zebrafish
embryos (Figure 5B), even though this construct was expressed
and correctly localized (Figure S5A). Furthermore, we found that
Waif1c, one of the three Waif1 paralogs in zebrafish, did not
inhibit Wnt/b-catenin signaling in HEK293T cells (Figure S5C),
even though it was expressed at similar levels as Waif1a (Fig-
ure S5D), whereas a chimeric protein containing the Waif1a
extracellular domain and transmembrane domain and Waif1c
cytoplasmic domain did (Waif1Na/Cc; Figures S5E–S5G).
Conversely, a chimera of the Waif1c extracellular domain and
Waif1a transmembrane plus cytoplasmic domain (Waif1Nc/Ca)
was inactive (Figures S5E–S5G). These results indicate that the
extracellular domain determines the Wnt inhibitory function of
Waif proteins, while the cytoplasmic domain is dispensable.
Yet, medium conditioned with a secreted version of the Waif1a
extracellular domain fused to human IgG Fc (Waif1aN-IgG) was
not able to inhibit pBAR activity in HEK293T cells, whereas
similar amounts of Dkk1-IgG were (Figure S5H). Thus, Waif1a
likely has to be localized to the plasma membrane to function
as inhibitor of Wnt/b-catenin signaling.
The transmembrane domain of mammalian 5T4/Waif1 is
sufficient and necessary for its role in enabling cell surface ex-
pression of the chemokine receptor CXCR4 (Southgate et al.,
2010). In contrast, we found that a construct in which the trans-
membrane domain of zebrafish Waif1a was exchanged with that
of mouse CD44 (Waif1a/CD44/Waif1a-GFP) and a similar con-
struct lacking the Waif1a cytoplasmic domain (Waif1a/CD44-
GFP) were as potent as the wild-type Waif1a in inhibiting Wnt
responses in zebrafish embryos and HEK293 cells (Figure 5B;
Figure S5I). Thus, the Waif1 transmembrane domain is dispens-
able for its function as Wnt signaling inhibitor.
Waif1a Inhibits Wnt Signaling Downstream
of Wnt-Receptor Interaction
We next asked whether Waif1a can inhibit b-catenin signaling
activated by forced, Wnt-independent interaction of Frizzled
with LRP. Due to the high affinity of Dkk1 to LRP6, fusion of
Dkk1 to the N terminus of Frizzled receptors creates proteins
that bind LRP6 in the absence of Wnt ligands, which is sufficient
for pathway activation (Holmen et al., 2005). Accordingly,
Dkk1Fz5 and LRP6 synergistically activated the pBAR reporter
in HEK293T cells (Figure 5C). Interestingly, cotransfected
Waif1a-GFP efficiently interfered with Dkk1Fz5/LRP6-mediated
signaling (Figure 5C). Furthermore, overexpression of Dkk1Fz5
in zebrafish embryos was sufficient to produce strong Wnt/
b-catenin gain-of-function phenotypes, presumably due to its
Wnt-independent interaction with endogenous LRP, and
Waif1a-GFP efficiently interfered with its function (Figure S5J).
Waif1aDN-GFP was not able to inhibit Dkk1Fz5/LRP6-induced
phenotypes, whereas Waif1aDC-GFP was (Figure S5J). Hence,Elsevier Inc.
Figure 5. The Extracellular Domain of Waif1a Mediates Its Inhibitory
Activity Downstream of Wnt-Receptor Interaction
(A) Schematic illustrations of Waif1a deletion constructs.
(B) Inhibitory activity of equimolar amounts of RNAs (115 pg of waif1a-GFP)
coding for the indicated constructs in hsp70l:Wnt8-GFP transgenic em-
bryos heat shocked at 50% epiboly and identified by GFP fluorescence
after a second heat shock at 24 hpf. ***p < 0.001, Student’s t test. n.s.,
nonsignificant.
(C) pBAR luciferase activity in HEK293T cells (**p < 0.01, Student’s t test). Data
shown are from one representative experiment of three.
See also Figure S5.
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Developmentawe conclude that the Waif1a extracellular domain blocks
b-catenin signaling downstream of Wnt binding to Frizzled/LRP
receptor complexes.
Waif1a Inhibits Wnt3a-Mediated LRP6 Internalization
without Affecting LRP6 Phosphorylation
Because Waif1a appeared to act at the level of the Wnt receptor
complex, we asked whether it interacts with LRP6. Indeed, in
HEK293T cells full-lengthWaif1a-GFP could be coimmunopreci-
pitated with LRP6-HA, but not with the related LDL receptor
(LDLR), which has no function in Wnt signaling (Figure 6A, lanes
2 and 3). Waif1a-LRP6 binding did not require exogenous
Wnt, indicating that Waif1a constitutively interacts with LRP6.
Waif1a/CD44/Waif1a-GFP also coimmunoprecipitated with
LRP6, suggesting that the Waif1a transmembrane domain
does not mediate interaction with LRP6 (Figure 6A). In contrast,
in mixtures of conditioned media, Waif1aN-IgG did not coimmu-
noprecipitate with a secreted version of the LRP6 extracellular
domain, whereas Dkk1-IgG did (Figure S6A, lanes 5 and 6), indi-
cating that the Waif1a and LRP6 extracellular domains do not
interact directly. This finding is also in agreement with the
inability of the Waif1aN-IgG fragment to inhibit Wnt signaling
(see above), suggesting that Waif1a function and LRP6 interac-
tion require membrane localization.
Upon Wnt3a stimulation, LRP6 forms complexes with Frizzled
receptors, and the Wnt signaling inhibitor Dkk1 acts, at least in
part, by inhibiting this interaction (Seme¨nov et al., 2001). In
contrast, we found no evidence that the Waif1a extracellular
domain interferes with Wnt3a-induced interaction of the extra-
cellular domains of Frizzled8 and LRP6 (Figure S6B). Signal
propagation after Wnt receptor complex formation requires
phosphorylation of the cytoplasmic domain of LRP6 at several
serine and threonine residues (Davidson et al., 2005; Tamai
et al., 2004). In addition, LRP6 also needs to be internalized
through a caveolin-mediated endocytic route in some mamma-
lian cultured cells (Kikuchi and Yamamoto, 2007; Yamamoto
et al., 2006). LRP6 phosphorylation and internalization are inde-
pendent events that are both required for signal propagation
(Yamamoto et al., 2008). We thus first asked whether Waif1a
interferes with Wnt-induced LRP6 phosphorylation. However,
in HEK293T cells, Waif1a did not block Wnt3a-dependent phos-
phorylation of LRP6 at S1490 (Figure 6B, lanes 4 and 5), whereas
Dkk1 did (Figure 6B, lane 6). Likewise, Waif1a could not inhibit
LRP6 phosphorylation in mouse embryonic fibroblasts (MEFs;
Figure S6C).
We thus asked whether Waif1a interferes with Wnt3a-
dependent LRP6 internalization. In HEK293 cells transiently
transfected with Flag-LRP6, LRP6 was localized to the plasma
membrane in 73%of cells in the absence of exogenousWnt (Fig-
ure 6C; quantification in Figure 6F). Stimulation with Wnt3a CM
for 30 min reduced the number of cells with membrane-localized
LRP6 to 17% and resulted in accumulation of LRP6 in puncta
localized to the cytoplasm in more than 80% of the cells (arrow
in Figure 6C; Figure 6F). In addition, Wnt3a induced phosphory-
lation of LRP6 as detected with anti-S1490P antibody (arrow-
head in Figure 6C). When cells were cotransfected with
Waif1a-GFP, Flag-LRP6 and Waif1a-GFP colocalized at the
plasma membrane in the absence of Wnt3a (Figure 6D). After
Wnt3a stimulation, LRP6 failed to internalize and remained atl Cell 21, 1129–1143, December 13, 2011 ª2011 Elsevier Inc. 1135
Figure 6. waif1a Interacts with LRP6 and Inhibits Wnt3a-Induced LRP6 Internalization without Affecting LRP6 Phosphorylation
(A) Waif1a-GFP and Waif1/CD44/Waif1-GFP coimmunoprecipitate with LRP6-HA, but not LDLR-HA in HEK293T cells.
(B) Waif1a-GFP does not block Wnt3a-induced phosphorylation of LRP6 at S1490 in HEK293T cells assayed at 8 hr poststimulation with Wnt3a CM, whereas
Dkk1 overexpression does.
(C–E) Subcellular localization of Flag-LRP6 and S1490 phosphorylated LRP6 in HEK293T cells treated with Wnt3a CM (C) and in cells transfected with Waif1a-
GFP (D) or Waif1c-GFP (E). Scale bars represent 5 mm.
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Importantly, anti-S1490P antibody recognized LRP6 on the cell
surface membrane in these cells (arrowhead in Figure 6D),
showing that Waif1a inhibited Wnt3a-dependent LRP6 internali-
zation without affecting its phosphorylation. As expected,
Waif1c-GFP had no effect on LRP6 internalization (arrow in Fig-
ure 6E) or phosphorylation (arrowhead in Figure 6E; Figure 6F).
Importantly, Waif1a also interfered with the Wnt3a-induced
internalization of endogenous LRP6 from the cell surface as
detected by surface biotinylation (Figure 6G). The dominant-
active LRP6DN variant is constitutively phosphorylated and pre-
sent with caveolin in intracellular vesicles; thus, Waif1a should
not be able to interfere with its function (Yamamoto et al.,
2008). Indeed, while human Waif1 strongly inhibited pBAR acti-
vation by Wnt8, it could not interfere with pathway activation
by LRP6DN, whereas a dominant-negative TCF construct did
(Figure S6D).
Together, these data confirm that Wnt3a-induced LRP6 phos-
phorylation and internalization are independent events, and they
suggest that Waif1 inhibits Wnt/b-catenin signaling by indirectly
interacting with LRP6 and blocking Wnt3a-dependent LRP6
internalization (see model in Figure 8G).
Waif1a Competes with Dkk1 for LRP6 Binding
The Wnt inhibitor Dkk1 likewise modifies LRP6 localization, by
promoting clathrin-dependent internalization of LRP6 into
signaling-incompetent intracellular vesicles (Mao et al., 2002;
Sakane et al., 2010; Yamamoto et al., 2008). Because Waif1a,
like Dkk1, inhibits Wnt/b-catenin signaling and modifies LRP6
internalization, we asked whether Waif1a promotes LRP6
internalization induced by Dkk1. Surprisingly, however, we
found that Waif1a-Cherry interfered with accumulation of
LRP6-GFP in intracellular vesicular structures in HEK293T cells
treated with Dkk1 CM (Figures S6E and S6F). To exclude that
Waif1a nonspecifically blocks clathrin-dependent receptor-
mediated endocytosis, we tested whether it interferes with
cellular uptake of Transferrin. Although the small molecule
dynamin inhibitor dynasore blocked Transferrin uptake by
HEK293T cells (Macia et al., 2006), Waif1a-GFP had no effect
(Figure S6G).
Furthermore, in Xenopus animal caps, which express endog-
enous Dkk1 but little Wnt, Waif1a increased the amount of
LRP6-HA localized to the plasma membrane, and exogenous
Dkk1 could overcome this effect (Figures S6H and S6I). We
therefore asked whether Waif1a competes with Dkk1 for binding
to LRP6. Indeed, less Dkk1 could be coimmunoprecipitated with
LRP6 in the presence of Waif1a (Figure S6J, compare lanes 4
and 5), whereas Waif1a binding to LRP6 was reduced in the
presence of Dkk1 (Figure S6J, compare lanes 5 and 6). Taken
together, these findings suggest that Waif1 inhibits both Wnt-
and Dkk1-induced internalization of LRP6.(F) Quantification of Wnt3a-induced Flag-LRP6 internalization. membrane, clea
localization of puncta to cell surface and puncta in cytosol; cytosol, no cell surface
Flag-LRP6, +Wnt3a; n = 107 Flag-LRP6+Waif1a-GFP, +Wnt3a; n = 114 Flag-LR
(G) Cell surface LRP6 detected by biotinylation and total LRP6 in control or Wai
surface LRP6 (top) to total LRP6 (middle) with values at zero Wnt3a set to 100%
See also Figure S6.
DevelopmentaWaif1 Augments b-Catenin-Independent Wnt Signaling
Depending on receptor and coreceptor availability, Wnt ligands
can activate b-catenin-dependent or -independent signaling
pathways (Mikels and Nusse, 2006; van Amerongen et al.,
2008). b-catenin-independent (noncanonical) Wnt signaling pre-
dominantly regulates cell polarity and migration (James et al.,
2008). Because mammalian Waif1/5T4 has been reported to
modify adhesion and motility of cultured cells (Carsberg et al.,
1996), we tested whether Waif1 is able to modify noncanonical
Wnt signaling.
Heat shock-induced overexpression ofwnt5b during gastrula-
tion in hsp70l:wnt5b-GFPw33 transgenic zebrafish embryos
produces characteristic phenotypes associated with activation
of noncanonical Wnt signaling pathways, namely defects in
convergent-extension (CE) cell movements (Figure 7A; Stoick-
Cooper et al., 2007). We found that injection of waif1a RNA
significantly enhanced the wnt5b-induced phenotypes, aug-
menting signaling both at low (Figure 7B, left) and high levels
of wnt5b (Figure 7B, right). Likewise, waif1a enhanced CE
defects caused by wnt11 overexpression (Figures S7A–S7C).
Thus, waif1a inhibits the function of Wnt ligands that activate
b-catenin signaling but augments signaling induced by nonca-
nonical Wnt ligands.
We next tested whether endogenous waif1a is required for
wnt5b-activated b-catenin-independent signaling. wnt5b over-
expression reduced body length in hsp70l:wnt5b-GFPw33 trans-
genic embryos, which could be rescued by coinjection of waif1a
MO1 and MO2 (Figures 7C and 7D). Coinjection of waif1a RNA
that cannot be bound by the morpholinos restored wnt5b’s
ability to reduce body length (Figures 7C and 7D). We conclude
that waif1a is required for efficient activation of b-catenin-inde-
pendent signaling by wnt5b. We also asked whether wnt5b
and waif1a interact genetically. Wnt5b loss of function causes
CE defects, including wavy notochords (Hammerschmidt et al.,
1996). Although low doses of waif1aMO1 or wnt5bMO injected
separately resulted in embryos with normal notochords,
combined knockdown caused wavy notochords (Figure S7D),
suggesting that wnt5b and waif1a act in the same or in parallel
pathways to regulate CE movements.
Xenopus Keller explants provide a sensitive environment for
assaying the role of b-catenin-independent Wnt signaling path-
ways in CE movements (Unterseher et al., 2004). waif1a strongly
inhibited Keller explant elongation, whereas waif1c had little
effect (Figures 8A and 8B). CE defects can be caused both by
gain and loss of function of Wnt/PCP pathway components.
However, reagents known to interfere with noncanonical Wnt
signaling at the level of signal reception (knockdown of frizzled
7 or frizzled 8; Wallingford et al., 2001; Winklbauer et al., 2001),
propagation (DshDDEP; Bryja et al., 2007), or amplification
(dominant-negative RhoA [dnRhoA] and dnRac1; Tahinci and
Symes, 2003; Unterseher et al., 2004) partially rescued CEr localization to the cell surface, few puncta in cytosol; membrane + cytosol,
signal, more than 20 puncta in the cytosol. n = 110 Flag-LRP6, -Wnt3a; n = 105
P6+Waif1c-GFP, +Wnt3a.
f1a-Flag transfected cells treated with Wnt3a. Lower panel shows ratio of cell
. Means ± SEM from three independent experiments.
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Figure 7. waif1a Enhances b-Catenin-Independent Wnt Signaling in Zebrafish Embryos
(A) Classes of phenotypes induced in hsp70l:wnt5b-GFP transgenic zebrafish embryos heat shocked during gastrulation: class 1, shortening of the yolk extension
(black line) by up to 1/3; class 2, up to 1/2; and class 3, more severe shortening plus other morphogenesis defects including cyclopia or open neural tube.
(B) Phenotypic classes inwaif1a RNA (75 pg) or RLuc (80 pg)-injected hsp70l:wnt5b-GFP embryos after weak induction (left, heat shock 39C shield stage; ***p <
0.001, chi-square test) or strong induction (right, heat shock 40C, 80% epiboly; *p < 0.05, chi-square test).
(C and D) hsp70l:wnt5-GFP embryos injected with standard control (cont) MO (8 ng) plus RLuc control RNA (30 pg),waif1aMO1 pluswaif1aMO2 (5 ng each) plus
RLuc RNA, orwaif1aMOs plus MO-insensitivewaif1a RNA (32 pg), heat shocked at 50% epiboly, and photographed at 48 hpf. Body length (from the otic vesicle
to the tip of the tail, arrows) is plotted in (D). ***p < 0.001, Student’s t test. not sign., not significant.
See also Figure S7.
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Wnt/PCP signaling in Xenopus (Figure 8B). One downstream
effect of Wnt/PCP signaling activation is the phosphorylation of
c-Jun N-terminal kinase (JNK) (Yamanaka et al., 2002). Overex-
pression of xwaif1a.2 RNA in Xenopus embryos enhanced
phosphorylation of endogenous JNK, as did overexpression of
xwnt5a (Figure 8C; Schambony and Wedlich, 2007), whereas
injection of xwaif1a.2 morpholino, which efficiently blocked
xwaif1a.2 translation (Figure S8A), reduced phosphorylation of
JNK (Figure 8C), confirming an activating role of Waif1a on non-
canonical Wnt/PCP signaling.
Although Keller explant elongation is a convenient readout of
noncanonical Wnt signaling, elongation is in addition indirectly
dependent on maternal Wnt/b-catenin signaling and its direct
target gene xnr3, which has been shown to be required for1138 Developmental Cell 21, 1129–1143, December 13, 2011 ª2011morphogenetic movements (Ku¨hl et al., 2001; Yokota et al.,
2003). We found that xnr3 partially rescued Keller explant elon-
gation inhibited by waif1a (Figure 8B), whereas it completely
rescued waif1a-induced ventralization (Figures 2C and 8D).
Together, these data indicate that waif1a interferes with CE
movements in Keller explants because it inhibits b-catenin sig-
naling and at the same time activates noncanonical Wnt
signaling.
Noncanonical Wnt pathways can interfere with b-catenin
signaling (Weidinger and Moon, 2003). We thus asked whether
Waif1a interferes with b-catenin signaling at least partially due
to its ability to activate noncanonical Wnt/PCP pathways.
However, inhibition of PCP signaling by dnRhoA and dnRac1
did not significantly rescue ventralization of Xenopus embryos
injected with waif1a (Figure 8D and data not shown), indicatingElsevier Inc.
Figure 8. Waif1a Activates Noncanonical Wnt Signaling by a Dkk1-Dependent Mechanism
(A) Overexpression of zebrafish waif1a RNA (200 pg) inhibits CE movements of Xenopus Keller explants. noninj., noninjected.
(B) Fraction of elongated explants: waif1a, 200 pg; waif1c, 200 pg; dnRhoA, 50 pg; dnRac1, 50 pg; DshDDEP, 500 pg; frizzled 7 MO, 1.6 pmol; frizzled 8 MO,
1.6 pmol; xnr3, 200 pg; lrp6, 60 pg. *p < 0.05, Student’s t test. The average of three independent experiments is shown.
(C) Western blot of Xenopus embryo extracts at stage 10.5 blotted for endogenous phospho-JNK and total JNK. xwnt5a, 100 pg; xwaif1a.2, 50 pg; xdkk1, 100 pg;
xwaif1a.2 MO, 1.6 pmol; xdkk1 MO, 1.6 pmol.
(D) dnRhoA (50 pg) does not, but xnr3 (200 pg) can, fully rescue zebrafish waif1a (200 pg)-induced ventralization of Xenopus embryos quantified using the DAI.
*p < 0.05, Student’s t test.
(E) Fraction of elongated explants. dkk1 MO low, 0.8 pmol; high, 1.6 pmol. The average of three independent experiments is shown. *p < 0.05, Student’s t test.
(F) CE defects in zebrafish embryos coinjectedwithwaif1aMO1 and dkk1MO (52 of 61 embryos) shown by compressedmyoD-positive somites (arrowheads) and
widened krox20 and pax2.1-positive neural expression domains (brackets) at the 15 somite stage. waif1a MO1, 2 ng; control MO, 2 ng; dkk1 MO, 1 ng.
(G) Model of Waif1a function as modifier of Wnt signaling pathways.waif1a expression is directly regulated by b-catenin signaling during gastrulation and acts as
a cell-autonomous feedback inhibitor of the pathway inWnt-receiving cells. Waif1 interacts with LRP6 and interferes withWnt-dependent internalization of LRP6,
without affecting LRP/Frizzled interaction or LRP6 phosphorylation.
See also Figure S8.
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Waif1a’s ability to interfere with b-catenin signaling.
Waif1a Promotes Activation of Noncanonical Wnt
Signaling by Dkk1
As shown above, Waif1a interferes with LRP6/Dkk1 binding. In
addition to their functions in b-catenin signaling, both LRP6
and Dkk1 play roles in noncanonical Wnt signaling as well. The
extracellular domain of LRP6 has been found to antagonize non-
canonical Wnt signaling (Bryja et al., 2009), whereas Dkk1 has
been shown to activate noncanonical Wnt signaling in zebrafish
embryos (Caneparo et al., 2007). Interestingly, LRP6 could fully
rescue Waif1a-inhibited Keller explant elongation (Figure 8B),
which further supports a dual role forWaif1a as inhibitor of b-cat-
enin and activator of noncanonical signaling and also suggests
that Waif1a activates b-catenin-independent signaling upstream
of LRP6. Dkk1 has been suggested to activate Wnt/JNK sig-
naling in zebrafish and Xenopus via binding to Glypican 4 (Kny-
pek) (Caneparo et al., 2007). We likewise found that knockdown
of xdkk1 (Figure S8B) inhibited Keller explant elongation (Fig-
ure 8E) and that dkk1 overexpression increased levels of endog-
enous phosphorylated JNK in Xenopus embryos, whereas dkk1
knockdown reduced them (Figure 8C), confirming a noncanoni-
cal role for Dkk1 in activation of b-catenin-independent Wnt
signaling. Interference with LRP6-Dkk1 binding by Waif1 might
make more Dkk1 available for activation of PCP signaling. If
so, CE defects caused by waif1a overexpression might be
rescued by knockdown of dkk1. Moderate doses of the dkk1
MO almost completely rescued explant elongation inhibited by
waif1a, whereas increased doses of the dkk1MO again blocked
CE (Figure 8E). These results indicate that activation of nonca-
nonical Wnt signaling by waif1a requires dkk1 and that waif1a
promotes the noncanonical function of residual Dkk1 protein in
a hypomorphic knockdown. In zebrafish embryos, hypomorphic
knockdown of dkk1 reduced eye size, indicative of mild posterio-
rization due to activation of b-catenin signaling, andwaif1a over-
expression rescued this phenotype (data not shown). In addition,
dkk1 knockdown also caused CE defects as evident by reduced
spacing of somites at the 15 somite stage (arrowheads in Fig-
ure S8C) and by reduced body length at 24 hpf (Figure S8D), con-
firming a role for dkk1 in regulation of zebrafish CE movements
(Caneparo et al., 2007). Waif1a overexpression completely
rescued CE defects in dkk1 morphants (Figures S8C and S8D),
suggesting that waif1a promotes the ability of residual Dkk1
protein to activate noncanonical Wnt signaling. Furthermore, co-
injection of low doses of dkk1 andwaif1aMOs, which individually
did not affect CE, strongly synergized in producing severe CE
defects (Figure 8F). Thus, dkk1 and waif1 genetically interact in
the regulation of Wnt/PCP signaling. Together, these data sug-
gest that Waif1a activates noncanonical Wnt signaling by
enhancing a noncanonical function of Dkk1 (Figure 8G).
DISCUSSION
The identification of universal Wnt targets has led us to discover
that the transmembrane protein Waif1/5T4 acts as a modifier of
Wnt signaling pathways. Our data support a model of Waif1
function (Figure 8G) in which Waif1 acts as a membrane-local-
ized feedback inhibitor of the b-catenin pathway that regulates1140 Developmental Cell 21, 1129–1143, December 13, 2011 ª2011signaling by modifying LRP6 subcellular localization. At the
same time Waif1 activates noncanonical Wnt signaling, likely
by promoting the ability of Dkk1 to activate Wnt/PCP signaling.
Internalization of receptor complexes and sequestration of
pathway components in endocytic vesicles is increasingly being
recognized as an important layer of regulation in Wnt/b-catenin
signaling (Kikuchi and Yamamoto, 2007; Niehrs and Acebron,
2010). Wnt3a promotes LRP6 internalization with caveolin,
which is required for pathway activation, whereas Dkk1 induces
its internalization with clathrin into signaling-incompetent com-
partments (Yamamoto et al., 2006; Yamamoto et al., 2008).
In addition, upon pathway activation, GSK3 is sequestered in
multivesicular bodies, shielding b-catenin and other cyto-
plasmic proteins from GSK3-mediated degradation (Taelman
et al., 2010). Wnt3a-induced LRP6 internalization and phos-
phorylation are both required for pathway activation (Davidson
et al., 2005; Tamai et al., 2004; Yamamoto et al., 2008; Zeng
et al., 2005). The fact that Waif1a interferes with LRP6 inter-
nalization without affecting LRP6 phosphorylation confirms
that both events occur independently (Yamamoto et al., 2008)
and indicates that LRP6 phosphorylation occurs prior to
internalization.
Our analysis of waif1a function in early zebrafish development
indicates that waif1a acts as a feedback inhibitor of wnt8 in
ventrolateral mesoderm specification and posteriorization of
the neuroectoderm (Lekven et al., 2001). waif1a expression at
later stages of development is also under Wnt signaling regula-
tion in many tissues, particularly at the forebrain-midbrain
boundary and other neural domains, suggesting that it inhibits
b-catenin signaling in these tissues as well. In overexpression
assays, Xenopus and human Waif1 proteins displayed Wnt/
b-catenin inhibitory activity; loss-of-function experiments in
MEFs and human cells indicate that mammalian Waif1/5T4
proteins also act as Wnt inhibitors. Interestingly, however, a
zebrafish paralog, waif1c, did not modify Wnt signaling upon
overexpression. Waif1c is very weakly expressed during early
zebrafish development and does not appear to be regulated by
Wnt/b-catenin signaling (data not shown). Because we have
not been able to determine its spatial expression pattern, we
cannot speculate on its function or rule out that it represents
a pseudogene. More rigorous comparison of the N termini of
Waif1a and Waif1c might aid in determining the functional resi-
dues in Waif1a responsible for Wnt signaling modulation.
Because Waif1a, in addition to inhibiting Wnt/b-catenin
signaling, also enhances b-catenin-independent Wnt pathways,
it might act as a switch that reprograms a cell’s response to Wnt
ligands. Our data indicate that Waif1a activates noncanonical
signaling via a Dkk1-dependent mechanism. Dkk1 has been
suggested to act as activator of Wnt/JNK signaling in zebrafish
and Xenopus via binding to Glypican 4 (Knypek) (Caneparo
et al., 2007). We found that Waif1a competes with Dkk1 for
LRP6 binding. Assuming that Dkk1 exists in two pools, either
bound to LRP6 and acting as inhibitor of b-catenin signaling, or
bound to Knypek and acting as activator of noncanonical path-
ways, Waif1a might decrease the LRP6-bound Dkk1 pool and
promote the Knypek-binding ‘‘noncanonical’’ Dkk1 function.
Elevated expression levels of human Waif1/Tpbg/5T4 in
carcinomas are correlated with poor prognosis associated
with metastatic spread (Mulder et al., 1997; Naganuma et al.,Elsevier Inc.
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metastasis through its influence on cytoskeletal organization,
cell adhesion, and cell motility, and/or as a necessary factor for
the expression of CXCR4, which mediates chemotaxis in
response to its ligand CXCL12 (Carsberg et al., 1996; Southgate
et al., 2010; Spencer et al., 2007). Interestingly, Wnt5a-induced
b-catenin-independent signaling enhances motility and invasive
behavior of melanoma, breast cancer, and gastric cancer cells
(Pukrop et al., 2006; Weeraratna et al., 2002; Yamamoto et al.,
2009). Thus, it is tempting to speculate that Waif1 promotes
cancer cell invasion by enhancing noncanonical Wnt signaling.
Future studies on Waif family members as Wnt modifiers will
shed more light on the molecular regulation of Wnt pathway
specificity and on the mechanisms of cancer invasion.
EXPERIMENTAL PROCEDURES
Dexamethasone-Inducible b-Catenin Signaling
Embryos were injected with 40 pg GR Lef DN-b-catenin RNA (Domingos et al.,
2001), dechorionated, and preincubatedwith 10 mg/ml Cycloheximide (Calbio-
chem) for 15 min before adding 100 mM dexamethasone (Sigma-Aldrich) for
45 min at germ ring stage.
Luciferase Reporter Gene Assays
For Wnt reporter assays HEK293T cells or MEFs were transiently transfected
with the TCF/Lef firefly luciferase reporter pGL3 BAR (Biechele and Moon,
2008) and pGL4.73 hRLuc/SV40 (Promega, Madison, WI) in triplicates. Firefly
and Renilla luciferase activity was measured, if not indicated otherwise,
24 hr after transfection using the Dual-Luciferase Reporter Assay System
(Promega), and firefly activity was normalized to Renilla luciferase levels.
Plasmid concentrations used are listed in the Supplemental Experimental
Procedures.
To test a potential effect of waif1a on Wnt production, Wnt3a-expressing
L cells were transiently transfected with 4 mg waif1a-GFP or equimolar
amounts of membrane GFP. Conditioned medium was collected and incu-
bated for 1 day on RKO cells stably expressing pGL3 BAR and pGL4.73
(Biechele and Moon, 2008).
LRP6 Internalization Assays
The internalization assay of LRP6 in HEK293T cells stably expressing LRP6-
EGFP (Biechele and Moon, 2008) in response to Dkk1 was performed as
described (Mao et al., 2002). Wnt-induced internalization of transiently trans-
fected Flag-LRP6 was assayed as follows. At 24 hr after transfection with
pCS2-Flag-LRP6 and other pCS2- or pCAG-derived vectors and pCMV-
Myc/Mesd, HEK293 cells were incubated with ice-cold binding medium
(DMEM, 20 mM HEPES/NaOH [pH 7.5], 0.1% bovine serum albumin) in the
presence of 500 ng/ml anti-Flag antibody for 30 min at 4C. After unbound
anti-FLAG antibody was removed by washing with cold PBS three times, inter-
nalization was initiated by adding warmWnt3a conditionedmedium (1ml), and
the dishes were transferred to a heated chamber (37C, 5% CO2) for 30 min.
After the cells were washed three times with cold PBS to stop endocytosis,
the cells were stained with anti-S1490P antibody. The cells were probed
with Alexa 546- or 633-conjugated anti-mouse Ig or anti-rabbit Ig (Molecular
Probes) and viewed using a confocal microscope (LSM510; Carl Zeiss) to
observe Waif1a-GFP, Waif1c-GFP, Flag-LRP6, or phosphorylated LRP6 at
Ser1490.
Biotinylation Internalization Assay using Sulfo-NHS-Biotin
Control HEK293 cells or HEK293 cells transfected with Waif1-FLAG were
treated with the indicated concentration of Wnt3a, which was purified to
near homogeneity as described previously (Kishida et al., 2004; Komekado
et al., 2007), for 30 min, and then incubated with 0.5 mg/ml sulfo-NHS-biotin
(Pierce, Rockford, IL) at 4C for 30 min. After quenching of excess biotin
with 50 mM NH4Cl, cells were lysed in 0.2 ml of TNE buffer (25 mM Tris-HCl
[pH 7.5], 150 mM NaCl, and 5 mM EDTA-NaOH [pH 8.5] containing 1% TritonDevelopmentaX-100 and 0.4% sodium deoxycholate, 2 mg/ml leupeptin, 2 mg/ml aprotinin,
and 1 mM phenylmethylsulfonyl fluoride). Lysates were incubated with
NeutrAvidin-agarose beads (Pierce) at 4C for 2 hr, and the proteins were
precipitated by centrifugation. Precipitates were probed with anti-LRP6 anti-
body (Cell Signaling; 1:1000). The amounts of cell surface and total LRP6
present on blots were analyzed with NIH image software.
Methods are described in full in the Supplemental Experimental Procedures.
All errors bars shown in graphs represent the standard error of the mean.
ACCESSION NUMBERS
Sequences of zebrafish waif1a, waif1b, waif1c, and waif2 and of Xenopus
waif1a.2 have been deposited in GenBank under accession numbers
JN653073, JN653074, JN653075, JN653076, and JN653077, respectively.
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